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General expressions are obtained for the coefficient of light 
absorption by free carriers as well as the intensity of the 
spontaneous light emission by hot electrons in multivalley 
semiconductors. These expressions depend on the electron 
concentration and electron temperature in the individual valleys. 
An anisotropy of the dispersion law and electron scattering 
mechanisms is taken into account. Impurity-related and acoustic 
scattering mechanisms are analyzed. Polarization dependence 
of the spontaneous emission by hot electrons is found out. At 
unidirectional pressure applied or high irradiation intensities, the 
polarization dependence also appears in the coefficient of light 
absorption by free electrons. 



Introduction 

The phenomena of the light absorption and emission 
by free carriers have been studied for years, and it 
seems likely that a discovery of new effects can hardly 
be expected here. However, this is not true in the 
case of multivalley semiconductors. The peculiarities 
of the mentioned phenomena in such semiconductors 
are related to (i) a sharp anisotropy of the dispersion 
law for electrons, (ii) the fact of the electron filling 
of several valleys and, finally, (iii) an anisotropy of 
scattering mechanisms. It is known that a "third 
body" is required in the act of the photon emission 
or absorption by a free electron. This "third body" 
provides the energy and momentum conservation during 
collisions. Impurity atoms, lattice oscillations (phonons), 
or boundaries can serve for it. By this, the influence of 
scattering mechanisms (including their anisotropy) on 
the absorption and emission processes can be explained. 

In the thermodynamic equilibrium state, the 
quantity of photons absorbed by free electrons is equal 
to that of emitted photons. The detailed balancing 
principle is therefore valid. If the photon quantity 
exceeds that in equilibrium state, i. e., a semiconductor 
is irradiated with an external electromagnetic field, the 
photons are absorbed by free carriers. If the external 
electromagnetic field is absent, and the electron gas is 



heated (e.g., by a constant electric field), the process of 
light emission by free electrons occurs. 

A new effect related to the light emission by free 
electrons in multivalley semiconductors, comparing to 
single- valley semiconductors, is the appearance of the 
polarization dependence of the emitted light intensity. 
The same dependence can also appear in absorption if 
the irradiation intensity of a multivalley semiconductor 
is high enough. 

There are various methods that allow finding the 
absorption and emission by free carriers. In our opinion, 
the most convenient method is to use the kinetic 
equation, in which the influence of the electromagnetic 
field on the free carriers scattering mechanism is taken 
into account. The convenience of this method lies in that 
one may derive the expression for the absorption by free 
carriers both in classical and quantum cases in a single 
approach. Besides absorption, this method allows also 
finding the wave-field- induced emission by free carriers. 
From here, one may obtain the spontaneous emission by 
free carriers through definite formal substitutions. We 
have used such an approach in [1]. In that paper, we 
have investigated the mechanism of acoustic scattering in 
detail, and outlined a model for the impurity scattering. 
However, no analytic expressions for both classical and 
quantum absorption under the impurity scattering in 
multivalley semiconductors have been derived. The same 
is true also for the emission regularities. That is why we 
pay the principal attention in this paper to the study of 
the situations where the impurity scattering dominates. 



1. Collision Integral of Electrons with Ions in 
the Presence of an Electromagnetic Wave 

We consider the multivalley semiconductors like n-Ge 
and ra-Si. The Hamiltonian of electrons, which populate 
one of the conduction band valleys, can be written in the 
principal axes of the mass ellipsoid in the presence of an 
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electromagnetic field as follows: 



3 N 



r-R, 



(1) 



In Eq. (Q]), m a are the principal components of the 
mass tensor, (m x = m y = m±, m z = mn), p Q is the 
ath component of the momentum operator, cq is the 
electron charge, c is the light velocity, A a is the ath 
component of the vector potential of electromagnetic 
field, N is the number of ions in volume V , U — R^j 
is the interaction potential of an electron with an ion (r 
is the electron coordinate, Ri is the coordinate of the ith 
ion), 



U{r) 



c p-r/rp 

e r 



(2) 



£o is the static dielectric constant, and rn is the Debye 
radius. 

We set the vector potential A in a form 



A = A {0) cos ut. 



(3) 



In formula |(3]), A^ is a constant vector, to is the wave 
frequency. 

The electron wave function in the field of an 
electromagnetic wave but without scattering centers, is 
determined from the Schrodinger equation 

and equals: 



n 0=1 



exp(fpr) J i i eo ^ ^(0) ^ | 

■ exp < —-est + — — > smwn.(5 



r 



In formula J5j, V is the system volume, eg — 

3 

J2Pa/2 m a is the energy of electron having momentum 

a 

p. We have omitted the quadratic components in A^ in 
the exponent, when obtaining formula ((5j) - We shall find 
the electron wave function in the presence of scattering 



centers by perturbation theory. This function can be set 
in the following form: 



where ip^ satisfies the equation: 

a N 
i=l 

We shall write the solution of Eq. J7]) as the expansion 
in functions $5§: 



(6) 



(7) 



4 1) = E C (^^*) 4 



(0) 



(8) 



By substituting ipjp in Eq. (7]), multiplying both sides of 
that equation by , and integrating over r, we obtain 



N 



Y,U(f- Rj ) cxp <^ - - (e - e p )t+ 



3=1 

ie 



+ J!ir 4(0) 



Pa -Pa 



III, 



sin LOt 



(9) 



Integrating both sides of Eq. (9) between and t and 
taking into account the identity 



-i\ sin ut 



X! ^(A)e-^* (10) 
(with i/^X) being the Bessel function), we obtain: 



j — 1 / — — OG \ OL — 1 



Pa -P 



expj 


-I ( £ p-^) 


-1- iZw 








+ ilto 





(11) 



Using Eq. JTTJ, one may find the probability for an 
electron to pass from the state p into the state p 1 in a 
unit time, as a result of scattering by an impurity in the 
field of an electromagnetic wave: 

d < - n 2 



P- i = 
P>P dt 



C 



(p, P; t) 



(12) 
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Substituting relation (fTTjl in Eq. lfT2|) . we obtain: 
1 



p,p h 2 v 2 



dr exp 



2 

£p(f-P/) X 



one may show (e.g., see [2], p. 672) that the second 
term in Eq. 1|15|1 turns to zero, when averaging over the 
positions of chaotically distributed scattering centers. 
Therefore, the averaging results in 



N 



r { ' \ N 

J dr exp ^ (p- p ') fj U ( f ~ 



N 



dfexjp 



(p ' — p'J fj U (f) 



(16) 



sin (O — lui) t v-^ / 

x = - +E(- 



r2 — 



(13) 



In Eq. (H3,0=i( £p — ep). 

The terms with / ^ Z' are not written explicitly in 
Eq. lfT3|) since they do not contain resonance multipliers 
and therefore disappear at t — > oo. Passing to the 
limit t — > oo in Eq. lfl3|) and taking into account that 
— > ttS (x) in this case, we obtain the following 
expression for P- : 



. In Eq. (16), N is the number of ions in volume V, i.e. 

N = Vn a , (17) 

with n a being the ion concentration. 

Taking into account the explicit expression for 
U (f) according to Eq. |f5|), integral (16) can be easily 
calculated: 



df exp ( — [p — p')f) U (f) 



P- -, = 



2tt 



p,p' fry 2 



N 

dr exp ( — [p~ P'J r J E] P \ ~~ ^ J 



47reg 



P~P 



(18) 



x 6 



V f 2 I 60 V A(0) (P<*-Pa) \ 

^ 1 \hwc^ a m a ) 

= — oo \ a— 1 / 



The average of Pp ; p > over all the ion configurations 
can be obtained from Eqs. (14) and (18) as 



(fp- £ p> ~ 



p,p' 1 



(2ttS) 3 4e 



V 



(14) 



p-p') + 



F, 2 



Expression (|T4|) depends explicitly on all the 
coordinates of ions |Py|. That is why it should be 
averaged over all the possible ion configurations. Taking 
into account that 



I— — oo \ a—1 / 



£j — IHUJ 



(19) 



df < 



N 

E 



, . , N 

exp f^(p-p") rj (f- Rj^J 



i=i 



The integral of collisions of electrons with ions in the 
presence of electromagnetic field looks as follows: 



df exp | — yp — p' J f ) U ( r — Pj 



' ( 1L 

at 



coll 



• E ( p pp)f ® + E 1 ) ■ ( 2 o) 



i exp [ - (p- p> ) ri ) P ( f x - Rj ) X 



-E / * 



x / dr 2 exp ( -~ ^p - p'^ r 2 j P (r 2 - P 



(15) 



In Eq. (|20ll . / (p) is the distribution function of 
electrons over their momentums p. Since we consider 
the multivalley semiconductors, the distribution function 
can be different in different valleys. We further write 
f( l > (p), meaning the distribution function in the zth 
valley. 
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2. Light Absorption under Non-isotropic 
Impurity Scattering 



We substitute now Eq. (|T9|) in Eq. f20j) and proceed from 
the summation over p' to the integration. This results in 
the following form of the collision integral for the ith 
valley: 



df(i) 

4eA 



oo „ 

ia X! / dp 



, /« (p) - f {l) if) 



p-p>) +(h/ ru y 



We assume that the distribution function is 
normalized to the concentration in the ith valley nf. 

dpfW (p) = m. (22) 



In thermal equilibrium, all rii are the same. Under 
heating of electrons or a unidirectional pressure applied, 
the filling of different valleys can be also different. 

We obtain the energy absorbed by an electron of the 
ith valley in a unit time from Eq. (pi]) after multiplying 
it by ep and integrating over p. At this, if we make 
substitutions p p' and I — I in the term which 
is proportional to (p'J as well as define sp through 
ep using the ((-function, we obtain 



p(i) 



dpep 



df(i) 



dpdp'f^ [p) 



x L 



2 / _£o_ 

fruic 




From now on, we consider only one-phonon 
transitions, i.e. I — ±1. 

We have in this approximation: 



(24) 



where 
pW (±) 



±- 



4cv 



nfuv 



dpdp'f® (p) 



Pa ~Pa 



p-p>) +(n/r D y 



p' 



(25) 



The sign (+) means an increase of the electron 
system energy (i.e., absorption), while the sign (-) means 
a decrease of this energy (i.e., emission). 

As the estimations made for all frequencies of the 
optical range show, the argument of the function ii(. . .) 
in Eq. (|25|) is far below unity. That is why we can 
consider only the first term of the Taylor series of I\ (. . .) 
in Eq. ((25j) . We then have 



P (i) ( ± ) s ± . 



dpdp'f^(p)6^ 




\ 


(P-P') 2 


+ (^Ad) 2 ] 


r 




(26) 



The distribution function must be specified to 
calculate integral f26|) . To be able to analyze further the 
general case, we assume that concentrations (ni) and 
temperatures (9i) in different valleys can be different. 

We assume that 



f w (f) 



\3/2, 



(2n6i) ' in , in 



■ exp 



In the principal axes of the mass tensor, 



2m_L 2m || 
In addition, 



A (o) P<* -Pa = ]jCL 
' Q m a mi ' 

a— 1 

where 



(27) 



(28) 



(29) 



hq = p — p' 



m± 
m ii 



- 1 



(A^q) (i Q q) , 



(30) 



In Eq. (|30|l . «o is the ort which specifies the direction 
of the line of rotation of the mass ellipsoid. The direction 
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of this ort coincides with that of the position of the zth 
valley in the laboratory system. 

The angular dependence of the energy makes the 
integration much more difficult. That is why it is 
convenient to use a deformed coordinate system, in 
which the surfaces of equal energy are spherical. 

We introduce new variables therefore: 



%min (±) = 



\/ p* 2 ± 2m±hu> 



(36) 



After the integration over the angles of the vector 
p *, we find from Eq. (|33")l : 



„<+) 



Pj_=P±, P\\ 



m± 

m \\ 



1/2 



p\\; 9± = 



m± 



1/2 



J dee- 6 ' 9 * J dq*q*X 



1\\- 



At this, 



£p = (p*) /2mj_. 



(31) 



(32) 



(iA-d) 2 }' 



(37) 



Expression (|26|) acquires the following form in new 
variables: 

p (i) _ , e>a m\\ 

- r (+) ~ 2 9 

{zc > EqCtw m± 



dp *dq {e r )S { <g! - ^p*q* cos ^ ± hw] 7 2 



Unlike Eq. l[3"7]l. the integral over e for the P (i) (-) 
quantity must be calculated within limits from hw to oo 
(since only electrons with energy e > Huj can emit ftio 
quanta) . If we make a shift e — > £ — ftw in the expression 
for PW(— ), we obtain that 



pW(_) 



exp 



{tf + ^«f + (Vn 3 ) a }" 



The latter integral over the angles of the vector q* in 
Eq. lj37i) can be easily calculated with a result 

/ *x _ / dn q *~f 2 (q 

v{q) = 



(33) 



{?* 2 + ^f + (1Ad) 2 } 



Now we take into account that dp * — > p* 2 dp*dfl 



p* 2 dp* sin is* dv* dtp* . 

The integral over </3* can be easily calculated (since 
nothing depends on </?*). The integral over v* can be 
calculated using the (^-function: 



a;/ sm v o < — p g cos ^ ± nuj 



(38) 

m|| — mi/ 

We have made the following designations in Eq. J38|) : 

1 1 - b 2 1 
fi i (l ) = 52 + -^ arct Sp 



2mj_ 



hp*q* 



Equality (|34"i) is real under the condition that 



cos 



zthui — 



2m 1 



hq*p* 
mj_ 



< 1. 



(34) 



(35) 



S2 (<f) 
6 2 = — 



1 



1 



1 



mil — m± 



1 + b 2 ' 6 arCtg 6' 



(l + l/(g*r D ) 2 ) 



(39) 



The double integral in Eq. 1|37|1 can be reduced to a 
single one by integration by parts: 



Condition ([35| means that the argument of the 6- 
function at a specified q* can be equal to zero. In 
other words, inequality 1(35]) determines the limits of the 
integration over q*. We find from Eq. ([35)1 : 

hq ma * (±)=p* + \Jp* 2 ± 2m±fkj, 



dee-"/ 6 



dq*q*y{q*) 



^min 



7 -e/6i I r * f M ^<Zmax( + ) 

dee 7 ^ [q y(g)] g=gmax( +) ^ 
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[q*y(q)] q = qtain (+) 



dq m in(+) 
de 



(40) = 



We substitute now Eqs. (00]) and ((38j) in Eq. |(37j) and 
introduce a dimensionless variable x=e/9{. In addition, 
we rewrite the quantities A± i in the laboratory 
coordinate system, which are written in Eq. (|42ll in 
principal axes of the ith ellipsoid (valley). This means 
that 

(^r=(u) 2 A^\ 



(41) 



In Eq. (41), qo is an ort, which characterizes wave 
polarization. The ort «o defines the direction of the zth 
valley position. 

We obtain the following expression as a result of the 
operations made above: 

1/2 



A (oy 



(mil — mj_) 2 
dxe- x [Vj (g max (+)) + 9j (q min (+))] 

y/ X (x + hhjjOi) 



(42) 



We have introduced the following designation in Eq. 
H: 



Wo 



Si (9* 



2^B 2 (ql 
mil 



(43) 



In dimensionless variables in accordance with Eq. (|36| . 
the quantities g ma x(+) and g m i n (+) in Eq. (|42l) become 
as follows: 



9max ( + ) = 



(2m j 



,1/2 



7*0, \ 1/2 ' 



(+) 



(2mx9i) 1/2 



,1/2 



1/2' 



(44) 



3. Absorption Coefficient 



We have found above the energy absorbed or emitted in 
a unit time. Experimentally, the adsorption coefficient is 
measured, which looks as follows: 



£(pW(+) + P«R) 



K 



n 



£(l-exp(-^))pW(+) 



n 



(45) 



In Eq. lj45j) . II is an electromagnetic flow, which 
impinges on a semiconductor: 



n 



P 1/2 ,, 2 

8?r c 



(46) 



Substituting Eqs. {46} and ((42]) in Eq. (|45). we obtain 



( 27 r)3/2 e ^ QTO J/ 2 / / ^ 



£Q^ 2 c(m|| — m±) 2 Huj 3 

dxe~ x {Vi{g max {+) + ^i(g m in(+)} 
\fx{x + tiio/Oi) 



(47) 



Expression (|47| gives the general value of the 
adsorption coefficient under anisotropic impurity 
scattering in multivalley semiconductors. Different 
values of the filling of valleys (nj) can be connected with 
different electron temperatures (6i) in valleys, or can 
be caused by the unidirectional pressure (which shifts 
the valleys). In a state of thermodynamic equilibrium 
and without unidirectional pressure, all the rij and 9i 
values are identical. The temperatures 9i can become 
different when electrons are heated by an external 
electric field. They can also become different under 
absorption of the polarized light with sufficient intensity. 
That is, the polarization dependence of absorption can 
appear in multivalley semiconductors at sufficiently high 
intensities. This problem was theoretically studied in [3]. 
When rii and 9i differ in different valleys, the balance 
equations of concentrations and energy should be used 
to find them (e.g., see [4]). 

The general expression for the absorption coefficient 
lj47j) under impurity scattering can be substantially 
simplified in the classical (huj/9i << 1) and quantum 
{hu)/9i » 1) cases. Therefore, we shall analyze both 
these cases. 

Region of classical absorption 
[hioj9 l « 1). According to Eq. ((44)) , we have 



g max (+) « (2m ± 9 t ) 1/2 q mia (+) « 0. 



(48) 



In Eq. (|44|) . the integration occurs over the 
dimensionless energy x — e/9i. Then we take into 
account that the quantity 



mi 
m|| — m±^ 



"(I 



1 

(q*ru) 



6g(l 



1 



(49) 
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has a very weak dependence on x, since (according to 
estimations) (cTna) 2 >> 1. Here, q* is taken at average 
energies (i.e., at x 1). 

We can see from Eqs. (43} and ([39]) that $>i(q*) 



can depend on a: only due to the dependence of b on 
x. One may easily see that b 2 — ► oo in this case at 
9* = ?niin(+) « 0. According to Eqs. j39]) and flSjl. 
we obtain ^ r i(g m in(+)) ~ 0. We now pay attention to 
the *i(g m ax(+)) value. At = g ma x(+), the value of b 2 
is almost independent of x since (q m ax(+)rv) 2 >> 1 for 
all x ~1. The dependence on se becomes significant only 
at small x, for which (q m ax(+)?"D) < 1- We shall find the 
value of x — x min from the condition g m ax(+)^D = 1. 
We obtain from Eq. ([48]) : 



1 



(50) 



Because of the stated above, when integrating 
approximately in Eq. ([42]), we can take out \&i of the 
integration sign and truncate the integration over x at 
x — x m - m . Therefore, we obtain at hio/Qi « 1: 



dxe- x ^j(q max (+)) 
\J x{x + hw/Qi) 



*i(oo) 



dx 



(51) 



In Eq. l[5"l"]). we have set <7 ma x(+) ~ oo. This is justified 
at (7max(+)n) >> 1, as can be seen from Eq. ([49]) . 
As will be seen below, approximation ([51]) meets the 
known logarithmic approximation in the description 
of impurity scattering (so-called Conwell— Weisskopf 
approximation) . 

According to Eqs. ([43]) and ([39]) . we have: 



&i (oo) 



1 



bo + (l - 6q) arctg 



sin 2 ipi 



1 1 

2 + —arctg— 



COS 2 <£>j 



(52) 



with cos(fii = «o<fo, i. e., ipt is an angle between the line 
of rotation of the mass ellipsoid of the ith valley and the 
ort of the wave polarization qo. 

Now we obtain a simpler form of the absorption 
coefficient for the classical region from the general 
expression (41), using approximation {51]) : 



K 



3tt 3 / 2 



1 



-1/2 



CUJ' 



sin 2 ifi 



+ 



COS^ Ifi 



m±Tj_(9i) m||T||(0j) 



.(53) 



In expression ([53]) . tj_ and tii (9i) are the respective 
components of the relaxation tensor under impurity 
scattering. At this 

1 __8e4(2m || ) 1 /2 



Tito) 



bo 

xn n — 
2 



x n a 6 



3 e%mj_d^ /2 



&o + (1 - & )arctg— 

Do 



ln(Cix min ) \ 



8 eg (2m||) 



1/2 



3 3/2 



-60 + (1 + 6g) arctg- 



111 (Ci^min)" 



(54) 



ln(Cix m in) 1 appears in Eqs. ([54"]) because the integral 
on the right part of Eq. l[5"l"]) is equal to 



21 = In (Cix min ) 1 {-x m[n ) k 7 



k=1 

where InCi = 0.577... is the Euler constant. Since 
a^min << lj we have confined ourselves within only the 
logarithmic approximation in Eq. ([54]) . 

The components of the relaxation tensor under 
impurity scattering are connected with the mobility 
tensor components by the following relations: 



8 eoT±(fii) 



8 e T\\ (0i 



(55) 



0r m±_ 

Region of quantum absorption 
(fojj » 9i). 

In this case, we obtain from Eq. ([44]) : 

1/2 

= Qui- 



5max(+) ~ 5mxn(+) = ( —r—U) 



Now integral ([47]) can be easily estimated: 

dxe- X {^ t (g ma x( + )) + ^ t (gmin(+))} 
y / x(x + tyjj/9i) 

f „ \ V2 



(56) 



2v^*i(9o,)| 



(57) 



We may set ^i(<7 w ) ~ ^(00), taking into account that 
(c^d) >> 1- As a result, for the quantum region 
(hu » 9i), we have from Eq. (41): 

1/2 



,£0 



5/2 



e%n a m» 



c(mi\ — m±) 2 u> 2 (hcu) 3 / 2 



(58) 
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The form of the function Wj(oo) is specified by formula 
([52| . where the explicit dependence on the polarization 
angle ipi is given. 

Thus, we have obtained a simple expression for the 
light adsorption coefficient in the classical and quantum 
ranges of frequencies under the dominating role of 
impurity (anisotropic) scattering. 

To complete the picture, we also present the 
expression for the adsorption coefficient in the 
case of the dominating role of acoustic scattering. 
This will enable us to compare the peculiarities 
of manifestation of various scattering mechanisms 
in the phenomenon of light absorption by free 
carriers. 

The absorption coefficient in the case of anisotropic 
acoustic scattering was obtained in [1]. Before writing 
it down, we recall (e.g., see [1]) that the components 
of the relaxation tensor as functions of electron energy 
in semiconductors of the kind of n-Ge and ra-Si 
can be written in the following form under acoustic 
scattering: 



T x (e) = Ty(e) = rj_(e) = t]_ 



(0) 



1/2 



(e) = r. 



(0) 



1/2 



(59) 



The general expression for the adsorption coefficient in 
the whole frequency range under anisotropic acoustic 
scattering has a following form [1]: 



K 



3^/ffo ch L> oj 3 1 



sin 2 ip 




m±T±(0i) m\\T\\(9i) 



(60) 



[In Eq. lj60j) . we have corrected the misprints made in 
this formula in [1]]. 

In Eq. |60|) . dj = hiojWi and Ki{ai) is a Bessel 
function, whose asymptotic form is as follows: 



Kx{x) = { x ^ _ x , 



(61) 



To avoid misunderstanding, we notice that rj°n in 
Eq. (59]) differs from rfj, in [1] by a factor (f ) 1/2 , 
since we have Tj_ ( ||(0) = {^i) 1 ^ T ± \ from Eq. (|59| . 
while Tx,\\(0) = 7j°|i in [1]. We do not introduce the 



lattice temperature 9 at all in this paper. The electron 
temperatures 9i stand everywhere, which can coincide 
with the lattice temperature or differ from it. 

We obtain the absorption coefficient in the classical 
and quantum ranges of frequencies from the general 
formula l|60p . using asymptotics (fSTj) , 

Therefore, we get in the classical range {tko « 6i): 

32^ el 1 



K 



Eq CUJ 



sin 2 ifii 



cos 2 Ifi 



mj_Tj_(9i) m\\T\\(9i) 



(62) 

In the quantum range (Hu) >> 9i), we have, respectively, 



K = 



1_ 

3 y/e^cuj'' 



E 



Tli I — I X 



(63) 



sin 2 ipi cos 2 ifi 
mj_T ± (9i) m\\T\\(9i) 

From the comparison of formulas ([53]) and ([62|) . 
one may see that the light absorption coefficient in 
the classical frequency range depends equally on the 
components of the tensor of relaxation times and the 
components of the mass tensor both under impurity and 
acoustic scattering. The only difference is in numerical 
coefficients, which is stipulated by the different energy 
dependence of the relaxation times under impurity and 
acoustic scattering. 

A totally different situation appears in the quantum 
region, as can be seen from the comparison of Eqs. 
(|58|) and |63|) . The reason for these differences is that 
the impurity scattering potential (18) would have a 
singularity at u — > without screening (i. e., formally 
at td — > oo). Therefore, the screening effect for a 
charged impurity should be taken into account in the 
classical region. This screening is not significant in the 
quantum frequency region. For the acoustic scattering, 
in difference to Eq. (|55| . we get 

4 er a (9j) 

Vac = 7T~/= • 64 

4. Polarization Effects under Light Emission 
by Free Carriers 

If the electron gas is heated (e.g., by electric current), 
the effect opposite to the Drude absorption occurs, i.e., 
free carriers emit light. Polarization dependences can 
appear in the case of the anisotropic dispersion law of 
free carriers. Such polarization effects take place in the 
cases of different heatings or under the same heating but 
with different fillings of the valleys. 
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PECULIARITIES OF THE LIGHT ABSORPTION 



We can obtain the spontaneous emission by hot 
electrons, which is of interest for us, using the 
expression for the field-induced emission, which we 
derived previously. For this, the vector potential (A^) 
of a wave should be first normalized so that N p h photons 
are in volume V, i.e. the following condition should be 
used: 

1 E 2 1 f Uj\ 2 A r m 2 , 

Nph,hu = — — = — I — I A<°> . (65) 



V 



4n 



~^:*i(«5) ln (Cix^nV 1 dSl. 



(69) 



We obtain, respectively, in the quantum frequency range 
(fao » 9i): 



1 



1 



y/2- 



irSnC 3 



(mi. 



fao 



(70) 



From here, 



A<® = 2c 



2-kK 



-N, 



1/2 



(66) 



Then we should substitute expression (65) in the 
formula for pW(— ), setting N p ^ = 1. 

And, finally, we should multiply the obtained 
expression by the density of finite field states in a unit 
frequency interval and a solid angle dfi: 

dp{u) = — V —^u 2 dn. (67) 

(Z7TC) 

As a result of procedures described, we obtain the 
following expression from pW(— ) for the emission of 
electrons in all the valleys into a solid angle dSl in the 
case of impurity scattering: 



W 



(-) _ 



(27T) 



3/2 % % I 



-hu/6 { 



dxe~ x {^i(q max ) + *i(Q min )} 



\/x(x + fao/Oi) 



(68) 



Expression f68|) gives the emission intensity from 
a unit volume with J2 n i electrons. To obtain the 



emission from an arbitrary volume V, expression ([68)1 
should be multiplied by V. Note that the signs of 
the expressions P«(+) and PW(-) are different, since 
PW(+) characterizes the energy incorporation into the 
electron subsystem (i.e., absorption), while PW(— ) 
describes the energy extraction from it. In Eq. |68|) . we 
use the absolute value of emission intensity. 

One may derive simple expressions in the limiting 
cases of the classical and quantum frequency ranges 
from the general expression (|68"1) . similarly to the case 
of absorption. 

In the case of the classical frequency range (fao « 
0i), we have: 



W 



(-) 



(27T) 



3/2 -2*3 



Using the explicit expression if52"|) for ^(oo) and the 
formulas for the components of the relaxation tensor 
under impurity scattering l(54|) . formula l|69p becomes 



o 2 r • 2 

oen \— s „ I sin <y9i 



t^(-) = JK o Vn-6> 

16l 3/2,3L niW 



COS^ <£>j 



mxrx(^i) m||T||(0i) 



(71) 



The term hiiCiX-n^) in Eq. ([69| is related to 
the screening effect of the Coulomb potential of an 
impurity. The screening effect is not significant in the 
quantum frequency range. Therefore, this term does not 
appear in formula (f7Q]) which cannot be expressed by 
the components of the relaxation tensor, as in the case 
of Eq. dZTJ. 

Under the dominating role of acoustic scattering, the 
energy emitted by all electrons in all the valleys per unit 
time into a solid angle dQ is equal to 



37r 5/2 c 3 



• 2 

sin ifi 



+ 



COS 2 (fii 



3 _a 



m±T±(9i) m\\T\\(9i) 



e°« — (^(oij/oijdn. 
eta, 



(72) 



We obtain from here for the classical frequency range 
(fao « 9i): 



4e 2 



37r 5/2 c 3 



. 2 

sin i^j 



COS ifi 



dCl. 



(73) 



A simple expression for the emission intensity can also be 
obtained from Eq. (|72|) in the quantum frequency range 
case (fao >> 9i): 



67T 2 C ; 



3/2 -huj/e 
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x(^ + ^U (74) 
\m±T±(9i) TO || r || (yi) J 

We can see from Eq. f73|) that the emission intensity 
does not depend on the emitted light frequency in the 
classical frequency range, and drops exponentially in the 
quantum frequency range. We recall that tj_ and n 
in Eqs. (|72)l — (|74|) are the components of the acoustic 
relaxation tensor, which are set by formula J59|). 

We can see from the comparison of formulas (7lj) 
and lj73|) that the dependence on the parameters is 
the same. The numerical coefficients are only different, 
which is stipulated by the different dependences of the 
relaxation tensor components on the electron energy 
under impurity and acoustic scattering. 

5. Conclusion and Remarks 

In this paper, the general expressions are obtained 
for the absorption coefficient, as well as for the 
emission intensity in the presence of hot electrons. These 
expressions are derived with taking into account the 
multivalley character of the electron spectrum as well as 
the anisotropy of the dispersion law and the scattering 
mechanisms. The obtained expressions depend both on 
the concentration of electrons rii and their temperatures 
9i in individual valleys. 

In the case of thermodynamic equilibrium, all 0, 
values are the same (and are equal to the lattice 
temperature). Moreover, the populations m in all valleys 
are also identical when the unidirectional pressure 
is absent. Under unidirectional pressure applied to a 
specimen, rii are the known functions of the applied 
mechanical stress (e.g., see [5]). 

Under an electric field applied, all Qi and in values 
(or a part of them) can be different. The procedure for 
their calculation is well known (e. g., see [4]). 

The especially simple case of the polarization 
dependence of emission appears when all electrons 



migrate to a single valley. It is remained the only 
dependence on one angle — between the polarization 
ort and a rotation axis of the ellipsoid of the surface of 
equal energy of the populated valley. Experimentally, the 
polarization dependences in n-Ge have been investigated 
in [6]. 
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OCOBJIHBOCTI nOrjIHHAHHH I BHIIPOMIHIOBAHHH 
CBITJIA BIJIbHHMH EJIEKTPOHAMH 
B BArATO^OJIHHHHX 
HAniBnPOBIflHHKAX 

II.M. ToMuyK 
P e 3 K3 m e 

OTpriMaHO 3arajibHi Biipa3H fljia KoecpiijieHTa norjirmaHHa CBiTjia 

BijIbHHMH HOCiflMH i iHTeHCHBHOCTl CnOHTaHHOrO BHnpOMmfOBaHHa 

CBiTjia rapaiHMH ejieKTpoHaMH b 6araTOflOjiHHHnx HaniBnpoBifl- 
HHKax. OTpriMam Bnpa3n 3ajie>KaTB Bi# KOHueHTpanTi ejieKTpomB 
b OKpeMnx flOjmHax i Yx TeMnepaTyp. BpaxoBaHO aHi30Tponiio 3a- 
KOHy ^HcnepciT i Mexam3MiB po3ciaHHa ejieKTpomB. Po3rji5myTO 
flOMiiriKOBiffl i aKycTHiHiift MexaHi3M po3ciaHHH. BcTaHOBjieHO no- 
jiapn3aij;iiiHy 3ajiejKHicTB cnOHTaHHOro BimpOMiHiOBaHHa rapainx 
ejieKTpomB. V Bnna^Ky o^HOHanpaMjieHoro THCKy a6o bcjihkhx m- 
TeHCHBHOCTefl onpOMiHeHHa nojiapn3aij;iiiHy 3ajie>KHicTB BnaBJiae 
i Koedpir^ieHT norjiHHaHHa CBiTjia BijiBHHMH ejieKTpoHaMH. 
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